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Abstract

The possibility of nanos(:ale etching and indentation of Si(001}(2×1) surface by (8,0)

and (10,10) carbon nanotu_,e tips is demonstrated, for the first time, by classical molecular

dynamics simulations employing Tersoff's many-body potential for a mixed C/Si/Ge sys-

tem. In the nanotube tip barely touching the surface scenario atomistic etching is observed,

where as in the nanoindentation scenario nanotube tip penetrates the surface without much

hindrance. The results are ( xplained in terms of the relative strength of C-C, C-Si, and Si-Si

bonds.

Lithography plays a key role in semiconductor manufacturing. Currently surface patterning

is achieved by means of opt ical lithographic techniques. However, with the industry moving

towards the fabrication of semiconductor devices with the size features of 100 nm and less,

[1] the ability of even deep ultraviolet light (193 nm) sources will be exhausted due to

the absence of optically transparent materials at wavel,_ngths significantly shorter than 193

nm. The technological community, thus, is actively searching for alternative approaches to

materials fabrication at nanoscale. Among several alter_mtives to optical lithography are the

utilization of high-resolutio_ laser direct writing to structure silicon on the nanometer scale,

[2] electron beam lithography, [3] and proximal probe lithography. [4]

The proximal probe tips have been shown to be a powerful tool for the manipulation

of individual atoms and molecules at the nanometer scale. [5-9] A main difficulty faced in

proximal probe lithographic techniques has been that the probe metallic tips often break

following direct collision with the solid surface. Other _tlternatives to the metallic tips have

been explored recently. Carbon nanotubes have been mounted on top of the silicon cantilever

[10] to be used as proximal probe tips. The carbon nanotubes are rolled-up sheet of graphene

made of six folded benzene-1;ype rings of carbon. The nanotubes are both of single and multi-

wall (concentric cylindrical shells) nature and have unique elastomechanical properties. [11]

These are the strongest material known along the axial direction and yet are highly elastic

and flexible along the radial direction.

Several groups tlave un_'tertaken atomistic simulations of tip-surface interactions using

models of usual metallic an(L/or (liamond tips [12-15] interacting with diamond and/or silicon

surfaces. In a recent stud:z, [16] we have simulated the possibility of selective etching of

diamond surface by using a, cart)on nanotube tip ch(,mically too(lifted with a C2 st)ecies



attachedto the end capof the tip. A singledimer of carbonatomsetchedout of the surface
by the tip, with the main result that the strongly bor_dedC2 chemical specieson the tip
is able to etch a weakly boltdedC2dimer from the surface.This raisesthe possibility that
one can perhaps usea bare nanotube tip, made of strong C-C covalent bonds, for nano-

lithography or atomistic etching on comparatively weaker bonded semiconductor surfaces

such as silicon and/or germanium.

Using classical molecular dynamics (MD) simulations with Tersoff;s potential for Si-C,

Si-Si, and C-C interactions, II 7] in this paper we investigated the possibility of bare nanotube-

etching and -indentation o_ silicon surfaces. The etching and indentation parameters are

entirely determined by the mechanical properties of the tips and by the underlying tip-surface

chemical reactions. Much of the complications involved m controlling the electronic behavior

of the tip may be avoided. The possibility to pick up a single atom in field-free SPM regime

has been recently experimm_tally demonstrated by Dujardin et al. [18] Single Ge atoms were

extracted in a controlled manner from the Ge(111) surface by the "traditional" SPM tip

made of Ge atoms in a zero bias operation. Using MI) sinmlations we show, for the first

time, that similar atomic scale etching of Si surfaces is possible with carbon nanotube tips

under zero bias operation conditions. The advantage of nanotube tip over the traditional

metal or semiconductor tip would be that the nanotube tip can survive later in experiments.

The single-height-stepped Si(001} (2×1) surface has been chosen to model the surface

of silicon. The slab representing the surface is composed of 15 full layers containing 128

atoms each and half-filled top layer representing the upper terrace of the stepped surface.

The total number of atoms is 1984. The (8,0) carbon nanotube (composed of 222 carbon

atoms) and larger diameter (10,10) carbon nanotube (composed of 470 carbon atoms) are

used as tips as shown in Figures la and 2a, respectively. The caps of these two nanotube

tips have different curvature and, as a result, the carl)on atoms of the tip are expected to

exhibit different chemical reactivity. Three different surface sites are considered. Those are

the upper-terrace and lowm terrace dimer on top sites and the dimer site at the step-edge.

The dimer rows for lower and upper terrace are perpendicular to each other. The inclusion

of step edge site allows to compare the reactive dynamics of the flat surface with the one

near the step edge.

Tersoff's many-body empirical interatomic potential for multicomponent Si/C/Ge system

has been used to describe the C-C and C-Si interactions. [17] This is a reactive potential

which allows for a description of bond formation and rupture. The bottom two layers of

the silicon surface are held _xed. Next two layers are subjected to frictional and dissipative

Langevin forces to drain oul; the excess kinetic energy and to hold constant the temperature

of the system. The top two layers of the open end of carbon nanotubes are also constrained to

vertically move the nanotul,e in a predetermined manner. Classical equations of motion are

integrated using a third-order predictor-corrector method with variable time steps. Periodic

boundary conditions are applied in the surface plane. Both interacting systems are initially

equilibrated to 300K.
The nanotube vertical motion is achieved by displacing tile constrained atoms at each

(variable) time step in the desired manner. All the trajectories start with the distance

between the specified surfac,_ dimers and tile closest (to the surface) atom of the nanotube cap

equal to _ 6.5 ]t which is wall beyond the cutoff region of the C-SI interaction potential. Two

regimes of nanotube tip operation are considered. In the first scenario the nanotubes move
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downand barely touch the surfacemimickingthe nanotube-surfacechemicalreaction induced
by thevertical proximity of 1;henanotubeand.the surface. This is accomplished by downward

displacement of the nanotube in 5000 variable time steps with 0.0013it displacement per

step. In the absence of nan(,tube-surface interactions this approach velocity would place the

nanotube directly on top of the surface dimers. The system is then equilibrated for 5000

additional steps and the nanotube is then pulled back. The nanotube displacement during

the retraction phase is varied to slower velocities to ensure the convergence of the results.

The per time-step retraction displacement of 5 times slower, than the value on the way

down, is found to be the most; computationally efficient without affecting the outcome of the

simulations.

For the (8,0) nanotube, tile selective removal of the surface dimer occurs with minimum

disturbance of the underlyiag silicon surface (Fig. lb). The observed transition state con-

figuration is linear. After a series of bond rearrangements, the atoms withdrawn from the

surface are adsorbed on two neighbouring carbon atoms of the outer pentagon of the nan-

otube cap as shown in Fig lc. For the larger diameter (10,10) nanotube, the analogous

simulations result in the removal of three silicon atoms from the surface (Fig. 2b,c) via

the distorted four member ring transition state. Similar to the previous case, the surface

remains virtually undisturbed after the completion of mechano-chemical nanotube-surface

reaction (Fig. 2c). Qualitatively similar results are observed for the lower terrace and step

edge surface sites, though eomewhat larger disturbance, of the substrate is observed in the

latter case.

In the second scenario, the nanotubes are pushed into the surface to make "nano-holes".

This "digging" scenario allows the study of indentation phenomenon. Starting with the

nanotube-surface distance ()f 8it, the nanotube is pushed down up to the nanotube inden-

tation depth of 4JI into the surface slab. The nanotul)e is then retracted similarly to the

previous case.

The results of simulations when the (8,0) nanotube is allowed to penetrate inside the

silicon slab are discussed next. Figure 3a shows the instance when the nanotube has indented

and penetrated the silicon surface. The nanotube appears to completely preserve its original

shape. The retraction of the nanotube causes adsorption of both the surface and bulk silicon

atoms at the nanotube tip. At the end of the simulations, the internal structure of the silicon

surface is strongly altered in the interaction region (Fig. 3b) though no apparent "hole" is

formed due to the "healing" thermal motion of bulk surface atoms. Simulations with the

substrate temperature reduced to 50K produced similar results. The main conclusion is that

the indentation and penetration of silicon surface occurs easily and can be compared with the

process of a knife cutting tae butter. To compare the above with the contrasting behavior

of the nanotube indentatioJL on a harder diamond{001}(2x 1) surface, the results are shown

in Fig. 3c. In the nanotube indentation on the diamond surface, significant deformation of

the nanotube is observed (Fig. 3c) and the diamond surface is not indented at all.

In order to gain a bette: understanding of the details of the reactive dynamics, we have

calculated vertical forces e×perienced by the tube and surface atoms during the nanotube-

surface interaction period. The representatiw_ plots in the touching scenario (Figures 4a, b)

show the vertical force on the nanotube atoms vs. the displacement of (8,0) nanotube towards

the silicon surface. Zero of the. x-axis corresponds to the initial vacuum nanotube-surface

distance of 6.5)1. Tile nai()tube-sufface distance wu'ies in a complex manner an(| is not



shown here. The surface layer position in the absence of nanotube-surface interaction is

shown by arrows in the figu :e. Two curves shown in Fig;. 4a correspond to the vertical farce

on the lowest two atoms of the nanotube tip, while those shown in Fig. 4b correspond to

the forces on two silicon atoms of the upper-terrace surface dimer. No significant vertical

forces are experienced by these four atoms until the nanotube displacement reaches 4]t

which will correspond to the nanotube-surface distance of about 2.5 ]1 in the absence of

nanotube-surface interactio:_. At this moment, the sharp fluctuations of the vertical force

are observed simultaneously for one of the nanotube atoms and for one of the surface silicon

atoms indicating the formation of the first C-Si chemical bond. The formation of the second

C-Si bond occurs later at tile nanotube displacement of _ 4.711 indicating a sequential

mechanism of the nanotube binding to the surface. Subsequent dynamics is dominated by

a series of bond rearrangements and the atoms eventually lifted from the surface by the tip

are shown in Fig lc.

Figures 5a,b show the t(,tal vertical force experienced by (8,0) nanotube versus the nan-

otube displacement towards the silicon and diamond smfaces respectively. Zero of the x-axis

corresponds to the initial w_cuum nanotube-surface distance of 8.011. Regular and identical

patterns are observed for both surfaces up to the nanotube displacement of _ 5.5 it. At that

moment significant fluctuations of the force start to appear as a result of direct chemical

interaction with the surfaces. Both the variation and the magnitude of the force are signifi-

cantly larger for the nanotube interacting with the diamond surface. This is consistent with

the difference in the simula,;ion outcomes for the silicon and diamond surfaces (indentation

vs. compression, Fig. 3a-c).
The effects of the long r_mge van der Waals interactions on the above dynamics were also

studied. Presently, there are no van der Waals interaction parameters tested with Tersoff's

heteroatomic Si/Ge/C potential. To estimate the van der Waals repulsion on the nanotube as

it approaches the surface, we considered the nanotube interaction with the diamond surface

including van der Waals C-C interaction parameters incorporated into the Tersoff-Brenner

reactive potential. [15] The system is equilibrated first and then total energy minimization

is performed at a variety of fixed nanotube-surface distances. The van der Waals interaction

potential from these calculations is slightly attractive all the way down to _-. 1]1 where the

repulsion kicks in. Thus, the long range forces do not introduce any barrier in the incoming

channel and the van der Waals repulsion starts after the stronger chemical interaction is

already in effect. For the nanotube-silicon surface, th,'. effect of long-range interactions is

expected to be even smaller than for the nanotube-diamond surface because the interatomic

distances within the silicon crystal are _ 1.5 times larger than those of the diamond. Thus,

we infer that the inclusion (,f long-range interactions will not significantly alter the reported

results.

The observed results are qualitatively accounted for by the relative strength of interatomic

bonds for the Si-C system. For the silicon surface, the im;eratomic Si-Si bonds within a silicon

crystal are weaker than the corresponding Si-C bonds _'esulting in remowfl of silicon atoms

off the silicon surface (Fig. 1,2). At the same time, the C-C 1)onds which hold the nanotube

together are stronger than both the Si-C and Si-Si 1)onds resulting in easy indentation of

silicon surface by the nanot.ube (Fig. 3) with the nanotul)e preserving its original shape.

The situation is quite the .)i)positc for the diamond surface. The hierarchy of C-C bond

strengths for the diamond-(:_Lrbon nanotube system is the following: the strongest one is
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the C-C bond within a diamond crystal, the C-C diamond-nanotubebond is the next, and
C-C bond inside the nanotube is the weakestone. This trend explains both the observed
compressionof the nanotube (Fig. 3) and the cleavageof the internanotube bondsobserved
in the "touching" scenario.Our results indicate that both the (8,0) and (10,10) nanotubes
are ableto extract silicon atoms off the silicon surfaceindicating the relative unimportance
of the nanotube sizeand the curvature of its cap on the simulation outcome in the gentle
"touching" regime. The observedtransition statesareeither linear or four-memberring type
meaningthat either oneor two lowest atoms of the nanotube cap are involved in chemical
bondsformation with the st_rfaceatomsirrespectiveof the nanotube size.

In conclusion,we have demonstratedthrough classicalMD simulations the possibility
of selectiveetching and indentation of silicon surfacesby carbon nanotubesmountedon an
scanningprobemicroscopecantilever. The proposedmethod is very robustand doesnot re-
quire applied voltagebetweenthe nanotubetips and the surface.The simulation resultsare
timely in the sensethat external voltageassistednanotube-nanolithography[19]and arrays
of "traditional" SPM tips m parallel [20] and tunnel-free [18] regimeshave been recently
demonstratedin experiments. The proposedmethod of etching of silicon surfacecombines
the advantagesof the abow_,methodsand providesadditional input to the enabling technol-
ogy for the next generationof SPM based lithographic techniques.

This work was supported by MRJ,Inc. under NASA contract NAS2-14303.
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